1983). Locascio et al. (1997) compared the nitrate sap test and laboratory leaf-N analysis as predictors of fruit yield of tomato plants. Six weeks after planting, the nitrate sap test results were as well correlated with total yield as were results of leaf-N analysis; however, later in the season leaf-N analysis was a better indicator of yield. Over the last 10 years the nitrate sap test has emerged as a commonly used method to assess N-status of a variety of annual crop species, and "quick test" kits have been developed (Hochmuth, 1994) . Although ion-specific electrodes only provide approximations of ion concentration in biological samples, good correlations between applied N and sap nitrate concentration and between sap nitrate and yield have often been reported
1983). Locascio et al. (1997) compared the nitrate sap test and laboratory leaf-N analysis as predictors of fruit yield of tomato plants. Six weeks after planting, the nitrate sap test results were as well correlated with total yield as were results of leaf-N analysis; however, later in the season leaf-N analysis was a better indicator of yield. Over the last 10 years the nitrate sap test has emerged as a commonly used method to assess N-status of a variety of annual crop species, and "quick test" kits have been developed (Hochmuth, 1994) . Although ion-specific electrodes only provide approximations of ion concentration in biological samples, good correlations between applied N and sap nitrate concentration and between sap nitrate and yield have often been reported (Hochmuth, 1994; Hochmuth et al., 1988 Hochmuth et al., , 1993 Locascio et al., 1997; Prasad and Spiers, 1982 , 1984 , 1985 Rhoads et al. 1996; Scaife and Stevens, 1983) .
However, little information is available concerning the concentration of other N-containing compounds in petiole sap or the relationship between these N-containing compounds and fruit yield. Although nitrate sap tests are rapid and convenient, correlations between other plant sap components and applied N or yield may be significantly improved, and a comparison of the relationships between rate of N-fertilization and petiole sap components vs. yield would provide an assessment of the value of the concentration of other N-containing compounds as predictors of yield.
The objectives of this study were to: 1) test the influence of N fertilization on the concentrations of NO 3 -N and other N-containing compounds in petiole sap; 2) discern the relationship between NO 3 -N and total-N vs. other Ncontaining compounds in petiole sap; 3) quantify the relationships between concentrations of NO 3 and other N-containing compounds in petiole sap and total yield, marketable yield, N in total yield, and N in marketable yield; and 4) evaluate the correlations between rates of N fertilization and N-containing compounds in petiole sap vs. fruit yield.
Materials and Methods
'Colonial' tomato plants were transplanted 29 Mar. 1996 utilizing a black polyethylene mulch planting system with raised beds 0.91 m wide and 1.83 m apart (Hochmuth and Maynard, 1996) at the North Florida Research and Education Center, Quincy. Soil type was a Orangeburg loamy fine sand (Typic Paleudult: Silaceous, Thermic). Preplant-N (ammonium nitrate) was applied by modified broadcast method in the bed area at five rates (0, 67, 134, 202, 269 kg·ha -1 ciency by tomato was <30% of the N applied.
Laboratory leaf analysis of N often requires a week or more turnaround time-too long for growers to adjust the nutritional status of many vegetable crops. As an alternative, Emmert (1934) quantified NO 3 in conducting tissue of tomato and lettuce (Latuca sativa L.) as an indicator of N availability and yield. Gomez-Lepe and Ulrich (1974) , working with greenhouse-grown tomato plants in solution culture, found that petioles from recently matured leaves were better indicators of the N status of the plant than were the root, stem, or leaf. Movement of NO 3 -N was primarily unidirectional to the leaf blade with little transport via phloem to the stem. A threshold concentration of 500 mg·L -1 (36 mM) was established for petiole NO 3 -N, below which growth was inhibited. Later, Coltman (1987) established 800 mg·L -1 (57 mM) NO 3 -N as the critical concentration to support maximum yield of greenhouse-grown tomatoes.
Several investigators have assessed techniques to quantify N status in vegetable crops (Coltman, 1987; Hochmuth and Hochmuth, 1991; Hochmuth et al., 1988 Hochmuth et al., , 1993 Prasad and Spiers, 1982 , 1984 , 1985 Scaife and Stevens, Although N is an important nutrient for plant growth, it is also the most difficult nutrient to optimize because of susceptibility to leaching, denitrification, and volatilization. Uptake of N from the soil is influenced by its chemical and spatial availability, the number and activity of uptake/transport sites at the root surface, transport systems that move substances to the shoot, and by the number and strength of plant organs that serve as sinks (Engels and Marschner, 1995) . The numerous processes affecting N availability and the difficulty in predicting crop-N demand make it difficult to optimize preplant-N fertilization rates (Scaife and Stevens, 1983) . For example, Hills et al. (1983) found that N-uptake effi-plants were harvested for fruit yield. Each treatment was replicated four times. Wooden stakes and twine were used to retain plants in an upright position. Fruit were harvested three times and were graded into medium, large, and extra-large fruit and culls. Total yield included all graded tomatoes, including culls, while marketable yield did not include culls.
The fifth or sixth leaf from the apex of each of 10 tomato plants per experimental unit was cut at the base of the petiole on each sampling date and brought to the laboratory for determination of petiole sap NO 3 -N and free and total amino acid concentration. Total-N was calculated as the sum of NO 3 -N and total amino acid-N. Samples were taken 7 weeks (15 May, 2 weeks before first harvest) and 13 weeks (26 June, last harvest) after transplanting. Petioles of the leaves were cut into several 1-cm pieces and a total of ≈2 mL of the sap was expressed with a hydraulic press at a pressure of 8.9 MPa. A few drops of sap were placed on a Cardy nitrate ion meter equipped with a digital display (Cardy ion meter; Horiba Inc., Horiba, Japan). Immediately thereafter, the remaining sap was frozen in 5-mL cryogenic vials and placed in liquid N 2 . Samples were stored at -20 °C prior to amino acid analysis.
Samples were divided for separate determinations of free amino acid and total amino acid concentrations. Analysis for free amino acids proceeded according to Andersen et al. (1992) . After filtering, samples were lyophilized and derivatized by adding 2 ethanol : 2 triethanolamine (TEA) : 1 water. A 7 ethanol : 1 TEA : 1 water : 1 phenylisothiocyanate mixture was added and reactions were allowed to proceed for 20 min under N 2 . Sample analyses were in 5 mM sodium phosphate buffer with 6% acetonitrile on a Waters HPLC system (Waters Division, Millipore Corp., Milford, Mass.) with a Pico Tag (Waters Division, Millipore Corp.) column. The analysis of total amino acids proceeded in a similar manner except that samples were not filtered, but were hydrolyzed prior to derivatization. Hydrolysis was accomplished by subjecting samples to constantly boiling HCl (6 m) at 110°C for 24 h under N 2 . Statistical analysis was by regression (five levels of N fertilization) using general linear models procedures of the statistical analysis system (SAS Institute, 1985) . First, the chemical variables were treated as dependent variables and were modeled in relation to N fertilization rate. Each level of N fertilization was replicated four times. Second, total yield, marketable yield, N contained in total yield, and N contained in marketable yield were considered as dependent variables and were statistically analyzed in relation to each of the components of petiole sap (NO 3 -N, and individual and total amino acids). In both cases, each of the experimental units were treated independently in the regression procedure (n = 20). Data for each sample date were analyzed separately. Linear, quadratic and cubic relationships were assessed at 5%, 1%, 0.1%, and 0.01% levels of significance. In the event that an equal level of significance (P value) was obtained for a given comparison, a 0.10 or greater increase in R 2 was used as the determinant to use the next highest order polynomial.
Results
Seven weeks after transplanting, the concentrations of the free amino acids in petiole sap of tomato were linearly related to rate of N fertilization, with many P values ranging from 0.01 to 0.0001 (Table 1) . Only the concentrations of tyrosine, methionine, and cysteine were not correlated with fertilization rate. The highest coefficient of determination was found for proline (R 2 = 0.61). Thirteen weeks after transplanting, only concentrations of asparagine (R 2 = 0.56), glutamine (R 2 = 0.51), and proline (R 2 = 0.36) were related to N-fertilization rate (data not shown).
The significance of the relationship of amide concentrations to N fertilization on both dates prompted a more complete investigation of the amides and their respective acids in nonhydrolyzed and hydrolyzed samples (Table 2 ). Al- though the concentrations of asparagine + aspartic acid sometimes were correlated with rate of N fertilization (data not shown), glutamine + glutamic acid (or the percentage of these compounds divided by total amino acids) produced the most consistent correlations. On both dates, data for free amino acids produced higher coefficients of determination (R 2 = 0.46 to 0.75) than did data for total amino acids.
Concentrations of NO 3 -N concentration in sap varied between 8 and 88 mM 7 weeks after transplanting; NO 3 -N accounted for the great majority (>77%) of total-N in the petiole sap for all N treatments except the 0 kg·ha -1 rate (Table 3 ). The concentration of NO 3 -N was better correlated with rates of N fertilizer than were those of individual amino acids (Table 1) or total amino acids (Table 3) . Only the concentration of free amino acid (or free amino-N) in petiole sap were significantly correlated with N fertilization rate; concentrations of bound or total amino acids were not correlated on either date. Thirteen weeks after transplanting, the concentration of NO 3 -N varied little (18-25 mM), and was not related to rate of N fertilization (Table 3) . On this date, only the concentrations of free amino acids and free amino-N were correlated with rates of N fertilization.
Seven weeks after transplanting the concentration of NO 3 -N explained 98% of the variation in total-N for both nonhydrolyzed and hydrolyzed samples of petiole sap (Table  4) . Coefficients of determination for the relationship between amino acid-N and total-N were 0.81 for nonhydrolyzed samples vs. 0.22 for hydrolyzed samples. A similar pattern was noted for the relationship between NO 3 -N and amino acid-N (Table 4) . Thirteen weeks after transplanting, the concentrations of NO 3 -N and total-N were still well correlated, although the coefficient of determination was much higher for nonhydrolyzed (R 2 = 0.90) than for hydrolyzed (R 2 = 0.63) samples (data not shown). Similarly, the relationships between the concentrations of amino acid-N and total-71% of the variation in N content in total fruit yield, whereas from 55% to 57% of the variation in total crop N was explained by concentrations of NO 3 -N or total-N in petiole sap (Table 5 ). The coefficients of determinations were similar (R 2 = 0.72 to 0.76) for the quadratic relationships between marketable yield and N-fertilization rates, and between the NO 3 -N, and total-N in petiole sap and marketable yield. Free or total amino acids were not correlated with N contained in total or marketable fruit yield (data not shown).
N and between NO 3 -N and total-N concentrations were better for nonhydrolyzed than for hydrolyzed samples (data not shown).
Total fruit yield was related to N fertilization rate in a quadratic manner with a maximum at 202 kg·ha -1 (Fig. 1) . Marketable yield mirrored total yield, except that marketable yield (R 2 = 0.81) was better correlated with N fertilization than was total yield (R 2 = 0.74) . The concentrations of NO 3 -N (Fig. 2) or total-N ( Fig. 3 ) in petiole sap were as closely associated with total yield as was the rate of N fertilization (R 2 = 0.69 to 0.74). Similarly, ≈80% of the variation in marketable yield was explained by a model incorporating either NO 3 -N or total-N as independent variables. Essentially identical yield predictions were obtained by using results from hydrolyzed and nonhydrolyzed samples in the models (data not shown). In all cases, second-order polynomials most accurately described the relationships between the independent variables and total and marketable fruit yield. Neither total nor marketable fruit yield was correlated with free or total amino acids in petiole sap (data not shown). The rate of N fertilization explained
Discussion
The major value of the chemical profile of petiole sap from a practical standpoint is its use as an indicator of fruit yield. This experiment was not designed to show a threshold NO 3 -N level below which a reduction in yield may occur (Hochmuth, 1994; Locascio et al., 1997; Rhoads et al., 1996) , but to evaluate the utility of chemical variables in petiole sap as predictors of yield. Seventy-four percent and 81% of the variation in total and marketable Table 2 . The concentration of glutamine + glutamic acid, and the concentration ratio of glutamine + glutamic acid to total amino acids in tomato petiole sap collected 7 and 13 weeks after transplanting as a function of N fertilization.
Weeks after N applied (kg·ha yield, respectively, could be explained simply by rates of N fertilization (Fig. 1) . The concentrations of NO 3 -N (Fig. 2) or total-N (Fig. 3 ) measured in petiole sap 7 weeks after planting explained 69% to 72% of the variation in total yield, and 78% to 79% of the variation in marketable yield, which was roughly equivalent to a model based solely on the rate of N fertilization. Given the high correlations between fruit yield and rate of N fertilization, why should one consider using petiole sap analysis as an indicator of yield? In our experiment, the application of N-fertilizer was probably more accurate than under grower conditions and the experimental conditions were such as to ensure that N was limiting for some treatments. Also, plant response to a given rate of Nfertilizer is dependent on both edaphic and climatic conditions, which vary with year and location. The value of the NO 3 -N sap test is that it provides a rapid indication of the N status of the plant that takes into account edaphic and climatic factors.
Yield was not linearly related to independent variables. Quadratic responses between total yield or marketable yield and rates of N fertilization, and between yield and concentrations of NO 3 -N or total-N in petiole sap, reflected the fact that yields were maximized at less than maximum values of these variables (Fig. 1) . The data showing maximum yield at 202 kg·ha -1 are in agreement with Univ. of Florida recommendations (Hochmuth and Maynard, 1996) . The amount of N contained in the fruit (Table 5) was not as well correlated with N fertilization as was fruit yield (Fig. 1) , indicating that N may have had more of an effect on the physiological mechanisms responsible for fruit yield than on the actual quantity of N contained in the fruit.
The lack of correlation between NO 3 -N concentration and fruit yield late in the season was not unexpected based upon previous research (Hochmuth, 1994; Locascio et al., 1997; Rhoads et al., 1996) ; however, the relationship between the other chemical variables in petiole sap and fruit yield late in the season was previously unknown. Seven weeks after transplanting, the concentrations of total amino acids and a few individual amino acids were correlated with fruit yield, but the significance was only P < 0.05 and R 2 < 0.35 (data not shown). Thirteen weeks after transplanting, the concentration of no individual amino acids was correlated with total yield, marketable yield, or the N contained in total or marketable yield (data not shown). Thus, neither amino acids nor amino-N is useful as a predictor of yield. The concentrations of NO 3 -N or total-N in petiole sap were roughly equivalent in predictive capacity. That any test involving total-N (or amino acids) in petiole sap will be a practical replacement for a NO 3 -N test is unlikely. Total-N could be measured using a CHN analyzer, although the time required would be greater than for a nitrate sap test. The CHN analysis, a laboratory procedure, would provide little advantage over a standard leaf analysis, which the petiole sap test was designed to replace. to pieces of cells or exist as part of cell organelles, and were not correlated with the amount of N applied.
Other studies have provided coefficients of determination between NO 3 -N and yield similar to that reported here (Locascio et al., 1997; Rhoads et al., 1996) . The NO 3 -N sap test appears to combine high speed and convenience with a fair degree of accuracy in predicting yield. While the composition of petiole sap may provide estimates of potential tomato yield, use of this technique in physiological research has limitations. Concerns of ion specific electrodes, such as the Cardy nitrate ion meter, include the tissue-dependent variation from actual ion concentration and the non-tissue-specific nature of expressed petiole sap. Despite these limitations, the chemical analysis of NO 3 -N in petiole sap has shown consistently good correlations with yield, and this ion-specific meter may be of value in understanding the nutritional status of tomatoes. Also, results of this study and previous studies have documented that there is a fairly narrow window (perhaps 6 to 10 weeks after transplanting) during which the nitrate sap test is a useful indicator of yield potential. After this time a leaf-N analysis (Locascio et al., 1997) Nitrogen fertilization had a profound influence on petiole sap chemistry at 7 weeks after planting, but not at 13 weeks after planting. Concentrations of NO 3 -N ranged up to 88 mM on 15 May compared with only 25 mM on 26 June. Only in the control treatment (0 N kg·ha -1 ) was most of the N in reduced form (amino acids) in petiole sap. The application of ammonium nitrate in the other N-fertilization treatments increased the NO 3 -content to a level that exceeded the capacity of nitrate reductase, glutamine synthase, and glutamine synthetase to reduce NO 3 -to NH 4 + and NH 4 + to amino acids.
Of particular interest are glutamine + glutamic acids or their ratio to total amino acids. These variables were significantly affected by rate of N fertilization on both dates in both hydrolyzed and nonhydrolyzed samples (Table 2) . Glutamine is a neutral amino acid with a high N : C ratio, is mobile in phloem and xylem and accounts for a high proportion of the organic-N transported in the xylem fluid of many plant species (Andersen et al., 1989 (Andersen et al., , 1992 Pate, 1980; Sauter and van Cleve, 1992; Shelp and Da Silva, 1990 N is incorporated into the amide moiety of glutamine, and later into other amino acids (Kato, 1980; Pate, 1980) . Glutamine is the major N carrier among the amino acids, and may play a secondary role to nitrate in N transport and N storage.
The pool of mobile N-containing compounds provided the best correlation between concentration of N compounds and rate of N fertilization. The enhanced significance associated with free (nonhydrolyzed) amino acids vs. total (hydrolyzed) amino acids in petiole sap in relation to N fertilization was consistent, and was due to the variable contribution of bound amino acids. Total amino acids include the free amino acids plus those derived from soluble and structural proteins. Many of the bound amino acids are insoluble, attached
